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INTRODUCTION

The Breast Cancer Susceptibility gene 1 (BRCAL1) encodes an 1863-amino acid protein that
plays a central role in the pathogenesis of hereditary breast cancer (1-3). The BRCA1 protein
contains an N-terminal RING finger and two C-terminal BRCT domains (BRCT1 and BRCT2),
which are critical for BRCA1-mediated tumor suppression and are targets for cancer-causing
mutations (1-4). The BRCA1 RING interacts with the RING domain of BARDI1, another protein
involved in breast cancer pathogenesis, and with the C-terminal domain of BAP1 (amino acids
598-729), a ubiquitin hydrolase that enhances BRCAl-mediated cell growth suppression,
whereas the BRCA1 BRCT domains interact with the C-terminal region of DNA helicase
BACH]1 (amino acids 888-1063) and the CtIP protein that contribute to the cell cycle checkpoint
control and DNA repair function of BRCA1 (4-7). Importantly, it has been shown recently that
the BRCA1 BRCT domains interact with phosphoserine- or phosphothreonine-containing
peptides, including the BACH1(985-995) ISRTST(pS)PTFNK and CtIP(322-333)
PTRVSpSPVFGAT phopshopeptides, where pS denotes phosphoserine (8-10). Moreover, a
heterodimer consisting of the RING-encompassing regions of BRCA1 (amino acids 1-304) and
BARDI1 (amino acids 25-189) functions as a ubiquitin ligase targeting cellular proteins for
destruction, whereas the individual BRCA1 and BARD1 domains have very low ubiquitin ligase
activities (5). This project focuses on the elucidation of the structural basis of the BRCA1 RING
and BRCT domains interaction with BARD1, BAP1, BACHI, and CtIP, using X-ray
crystallography. Because BRCAL1 plays a central role in breast cancer pathogenesis, the
determination of its three-dimensional structure will facilitate the unraveling of the molecular
mechanisms of its function in breast carcinogenesis. The Specific Aims of this proposal are:

Specific Aim 1. To co-crystallize and determine the crystal structure of the BRCA1 RING
(amino acids 1-103) bound to the C-terminal domain of BAP1 (amino acids 598-729).

Specific Aim 2. To determine the crystal structure of the ubiquitin ligase heterodimer
consisting of the BRCA1 region spanning amino acids 1-304 and the BARDI1 region spanning
residues 25-189.

Specific Aim 3. To co-crystallize and determine the crystal structure of the BRCAI
BRCT1/BRCT2-containing region (amino acids 1646-1859) complexed with the BACH1 and
CtIP phosphopeptides.

BODY

During the award period we proceeded with the completion of the experiments proposed in
Task 2 of the revised Statement of Work (as described in the first year’s progress report). A
description of our progress in these studies follows below.

Task 2a. To clone the BRCA1 BRCTl/BRCTZ-contailiing region (residues 1646-1859),
the BAP1 C-terminal domain (residues 598-729), and the BACHI1 region (residues 888-
1063) into prokaryotic expression vectors for production in E. coli cells (months 13-16). The

DNA fragment encoding the human BRCA1 BRCT1/BRCT2 domain (amino acids 1646-1859)
was amplified with the polymerase chain reaction (PCR) using the human BRCA1 ¢DNA as a
template and cloned into a modified pTYB12 prokaryotic vector (New England BioLabs),
following standard protocols (11). The resulting construct was verified by DNA sequencing and
was used to transform E. coli ER2566 cells (NEB).




Figure 1. (A) Expression of the BRCA1 BRCT1/BRCT2 domain (amino acids 1646-1859) and
the BAP1 C-terminal domain (amino acids 598-729). SDS-PAGE of intein-BRCT1/BRCT2 and
intein-BAP1 fusion proteins produced in E. coli cells. Lane M: protein markers; lanes 1 and 2:
uninduced and induced whole-cell extracts, respectively, of E. coli ER2566 cells expressing
intein-BRCT1/BRCT2 protein; lanes 3 and 4: uninduced and induced whole-cell extracts,
respectively, of E. coli cells expressing intein-BAP1(598-729) protein. (B) Purified
BRCT1/BRCT2(1646-1859) protein following overnight cleavage from intein with DTT at 4°C
and concentration.. (C) Lane M: protein markers; lanes 1-6: eluted fractions of purified
BAP1(598-729) protein following overnight cleavage from intein with DTT at 4°C. (D)
Expression of the BACH1 domain (residues 888-1063). SDS-PAGE of intein-BACHI1 fusion
protein produced in E. coli ER2566 cells. Lane M: protein markers; lanes I and 2: uninduced and
induced whole-cell extracts, respectively, of E. coli cells expressing intein-BACHI protein. (E)
Microcrystalline plates of recombinant BRCA1 RING protein (residues 1-103) bound to BAP1
C-terminal domain (amino acids 598-729), grown using the sitting drop vapor diffusion method.
(F) Needle-like crystals of the BRCA1 BRCT1/BRCT2 domain (amino acids 1646-1859) bound
to the BACH1 phosphoserine-containing peptide ISRTST(pS)PTFNK, grown using the sitting
drop vapor diffusion method.




To clone the C-terminal domain of human BAP1 we obtained the cDNA KIAA0272 from
Dr. Takahiro Nagase at the Kazusa DNA Research Institute, Japan, which codes for the human
BAP1 protein (accession number D87462). Using this cDNA as a template, we amplified by
PCR a DNA fragment encoding the BAP1 C-terminal domain (residues 598-729) and cloned it
into a modified pTYB12 prokaryotic vector, using standard methods. The resuiting construct was
verified by DNA sequencing and was used to transform E. coli ER2566 cells (NEB).

Several requests to obtain the human BACH1 ¢cDNA from other laboratories were denied, so
we proceeded with cloning the DNA fragment coding for the BACH1 region (residues 888-1063)
from a human brain ¢cDNA library (Clontech) using PCR. The obtained DNA fragment was
cloned into a modified pTYB12 prokaryotic vector. The resulting construct was verified by DNA
sequencing and was used to transform E. coli ER2566 cells (NEB).

- Task 2b. To express the BRCA1 BRCT1/BRCT2-containing region (residues 1646-
1859), the BAP1 C-terminal domain (residues 598-729), and the BACHI1 region (residues
888-1063) in E. coli cells (months 17-24). The BRCA1 BRCT1/BRCT2 protein was produced
in ER2566 cells as a fusion with intein. Expression of the fusion protein was induced at 20°C by
1 mM IPTG at ODgg of 0.6 (Figure 1A, lanes 1,2), purified on chitin beads (NEB) using the
manufacturer’s protocols, was further purified by size-exclusion chromatography and was
concentrated using Centriprep concentrators (Amicon) for use in crystallization experiments
(Figure 1B), as we described previously (12-17).

For the production of the BAP1(598-729) recombinant protein, we followed a similar
approach. Briefly, expression of the BAP1(598-729) protein as a fusion with intein in ER2566
cells was induced at 20°C by 1 mM IPTG at ODgg of 0.6 (Figure 1A, lanes 3,4), purified on
chitin beads (NEB) using the manufacturer’s protocols (Figure 1C), was further purified by size-
exclusion chromatography and was concentrated using Centriprep concentrators for use in
crystallization experiments, as we described previously (12-17).

The recombinant protein BACH1(888-1063) was produced in ER2566 cells as a fusion with
intein following a similar strategy. Expression of the fusion protein was induced at 22°C by 1
mM IPTG at ODggo of 0.6 (Figure 1D, lanes 1,2), purified on chitin beads (NEB) using the
manufacturer’s protocols, was further purified by gel filtration and was concentrated using
Centriprep concentrators for use in crystallization trials, as we described previously (12-17). In
general, using this expression system we were able to obtain up to 5-7 mg of recombinant protein
(>98% pure as estimated by SDS-PAGE) per liter of bacterial culture.

Task 2c. To crystallize the BRCA1 BRCT1/BRCT2(1646-1859) in complex with
BACH1 and CtIP phosphopeptides, and the BRCA1(1-103) in_complex with BAP1(598-
729), using sparse matrix vapor diffusion crystallization methods, seeding, limited
proteolysis, and mutagenesis to improve crystallization (months 18-24). Having purified
these proteins to near homogeneity, we proceeded with crystallization experiments. The protein
complexes BRCA1(1646-1859)-BACH1(888-1063), BRCAI1(1-103)-BAP1(598-729), and
BRCA1(1646-1859-BACH1(984-995) phosphopeptide, were formed by mixing the
corresponding proteins at stoichiometric ratios, followed by purification of the complexed
proteins by gel filtration. Subsequently, the protein complexes were concentrated and used for
crystallization experiments, as described in the original application. To date, the protein complex
BRCA1(1646-1859)-BACH1(888-1063) did not yied any crystals. By contrast, small crystals
were obtained with the BRCAI1(1-103)-BAP1(598-729) complex (Figure 1E), and the




BRCA1(1646-1859>-BACH1(984-995) phosphopeptide complex (Figure 1F). Currently we are
in the process of optimizing the crystallization conditions in order to obtain large single crystals
of these complexes that diffract to high resolution and determine the structures of these proteins.
Because the BRCA1 BRCT bound to BACH1 phosphopeptide structure has been published by
other groups we initiated structural studies of the BRCT-CtIP complex. The BRCA1 BRCT
domains interact with the CtIP protein forming a complex that is required for the DNA damage-
induced cell cycle checkpoint control. This interaction depends on the phosphorylation of serine
327 of CtIP and its disruption allows cells with damaged DNA to enter the next cell cycle phase
without proper DNA repair, leading subsequently to genomic instability.

N

Figure 2. Ribbons representation of the BRCAl BRCT domains bound to CtIP
phosphopeptide. The critical residues pSer 0 and Phe +3 are denoted.

The bacterially produced purified BRCA1 BRCT domains were co-crystallized with the
peptide PTRVSpSPVFGAT (pS denoting phosphorylated serine) corresponding to amino acid
residues 322-333 of human CtIP. The crystal structure was determined at 2.5 A resolution using
synchrotron radiation. The peptide interacts with the BRCT domains in a two-pronged manner,
with the phosphorylated serine 327 and phenylalanine 330 anchoring the peptide through
extensive contacts with BRCAL1 residues (Figure 2). The structure also shows that the cancer-
associated mutation M1775R causes steric hiderance with phenylalanine 330 that disrupts the
BRCAI1-CtIP interaction. The crystal structure of the BRCA1 BRCT-CtIP complex reveals the
molecular determinants underlying the specificity and affinity of this dynamic interaction that is
critical for DNA damage-induced cell cycle checkpoint control, and it provides a structural basis
to explain the detrimental effects of certain tumor-associated BRCA1 mutations on this
interaction. A manuscript describing this work has been submitted for publication (attached).




KEY RESEARCH ACCOMPLISHMENTS

1. Cloning of the BRCA1 BRCT1/BRCT2-containing region (residues 1646-1859) into a
modified pTYB12 prokaryotic expression vector for production in E. coli cells (Task 2a).

2. Cloning of the BAP1 C-terminal domain (residues 598-729) into a modified pTYBI2
prokaryotic expression vector for production in E. coli cells (Task 2a).

3. Cloning of the BACHI region (residues 888-1063) into a modified pTYB12 prokaryotic
expression vector for production in E. coli cells (Task 2a).

4. Expression of the BRCA1 BRCT1/BRCT?2 (residues 1646-1859) in E. coli ER2566 cells and
purification of the recombinant protein using chromatographic methods (Task 2b).

5. Expression of the BAP1 C-terminal domain (residues 598-729) in E. coli ER2566 cells and
purification of the recombinant protein using chromatographic methods (Task 2b).

6. Expression of the BACHI1 region (residues 888-1063) in E. coli ER2566 cells and
purification of the recombinant protein using chromatographic methods (Task 2b).

7. Crystallization experiments of the BRCA1 BRCT1/BRCT2(1646-1859) protein bound to
BACH1(888-1063) protein using sparse matrix vapor diffusion crystallization methods, so
far producing no crystals (Task 2¢).

8. Crystallization experiments of the BRCA1 BRCT1/BRCT2(1646-1859) protein bound to the
BACH1(985-995) phosphopeptide ISRST(pS)PTFNK using sparse matrix vapor diffusion
crystallization methods, resulting in small crystalline plates (Task 2c).

9. Crystallization experiments of the BRCA1 RING(1-103) protein bound to BAP1 C-terminal
domain (residues 598-729) using sparse matrix vapor diffusion crystallization methods,
resulting in small needle-like crystals (Task 2¢).

10. Crystallization experiments of the BRCA1 BRCT1/BRCT2(1646-1859) protein bound to the
CtIP(322-333) phopshopeptide PTRVSpSPVFGAT using sparse matrix vapor diffusion
crystallization methods, resulting in high-quality crystals (Task 2c).

11. Crystal structure determination of the BRCT1/BRCT2(1646-1859) protem bound to the
CtIP(322-333) phopshopeptide PTRVSpSPVFGAT at 2.5 A resolution using synchrotron
radiation (Tasks 2c and 3f).

REPORTABLE OUTCOMES

The experiments of this project are still in progress and no new publications have resulted so
far. A manuscript describing the BRCAI1-CtIP crystal structure has been submltted for
publication (attached).

CONCLUSIONS

During the award period we completed the Tasks 2a, 2b, and 2¢ of the revised Statement of
Work. In addition, the recent discovery that the BRCA1 BRCT1/BRCT2 domains interact with
phosphoserine- or phosphothreonine-containing peptides, including the BACHI1(985-995)
ISRTST(pS)PTFNK and CtIP(322-333) PTRVSpSPVFGAT phopshopeptides (8-10), provided a
compelling reason for us to initiate crystallization experiments of these domains complexed with
this peptide, a task that was not included in the original Statement of Work. The crystal structure



of BRCA1 BRCT1/BRCT2 domains bound to the target phosphopeptides will provide much
more information than the structures of these domains in the unbound form (18). The
information obtained from these experiments will elucidate the mechanisms underlying
regulation of BRCA1 by BAPI, BACHI, and CtIP and will reveal the molecular changes
induced by cancer-causing mutations in the BRCA1 domains that affect their interaction with
BAP1, BACHI, and CtIP. A manuscript describing the BRCA1-CtIP crystal structure has been
submitted for publication (attached).

I would like to emphasize that although the award period is finished, we will continue to
pursue very persistently the crystallographic analysis of the BRCA1 BRCT and RING domains,
as outlined in the original proposal. The Idea Award has provided critical support to initiate this

research project and the successful completion of these studies will be reported to DOD in the
future.
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Structural Basis for Cell Cycle Checkpoint Control by the
BRCA1-CtIP Complex
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The breast and ovarian tumor suppressor
BRCA1 has important functions in cell cycle
checkpoint control and DNA repair. Two
tandem BRCA1 C-terminal (BRCT) domains
are essential for the tumor suppression activity
of BRAC1 and interact in a phosphorylation-
dependent manner with proteins involved in
DNA damage-induced checkpoint control,
including the DNA helicase BACH1 and the
CtBP-interacting protein (CtIP). The crystal
structure of the BRCA1 BRCT repeats bound
to the phosphopeptide PTRVSpSPVFGAT
corresponding to residues 322-333 of human
CtIP was determined at 2.5 A resolution. The
peptide binds to a cleft formed by the interface
of the two BRCTs in a two-pronged manner,
with the phospho-Ser327 and Phe330 anchoring
the peptide through extensive contacts with
BRCAL1 residues. Several hydrogen bonds and
salt bridges that stabilize the BRCA1-BACH1
complex are missing in the BRCAI-CtIP
interaction, offering a structural basis for the
~5-fold lower affinity of BRCA1 for CtIP than
BACH]1, as determined by isothermal titration
calorimetry. Importantly, the side chain of
Argl775 in the cancer-associated BRCA1l
mutation M1775R sterically clashes with the
phenyl ring of CtIP Phe330 disrupting the
BRCA1-CtIP interaction. These results provide
new insights into the molecular mechanisms
underlying the dynamic selection of target
proteins involved in DNA repair and cell cycle
control by BRCA1 and reveal how certain
cancer-associated mutations affect these
interactions.

The breast and ovarian cancer susceptibility
gene  BRCAI encodes a  1,863-residue
multifunctional protein that participates in
genomic stability maintenance through its function
in the repair of double-strand DNA breaks (DSBs),
cell cycle checkpoint control, protein
ubiquitination, and transcriptional regulation (1—
3). BRCAI functions as a tumor suppressor and
germline mutations in this gene are associated
with a high incidence of familial breast and
ovarian cancer (1, 2). The BRCA1 protein
contains two BRCT domains that are frequent
targets of cancer-causing mutations. In fact, the
majority of clinically validated BRCAI mutations
produce truncated BRCA1 polypeptides that lack
one or both BRCT repeats and several missense
mutations that affect the structure of these
domains are associated with early-onset breast and
ovarian cancer (2, 4). These findings, together
with the observation that genetic deletion of the
BRCA1 BRCT domains leads to tumor
development in mice (5), demonstrate that the
structural integrity of these modules is essential
for the tumor suppressor activity of BRCA1.

Although the mechanisms underlying tumor
suppression by BRCA1 remain largely unknown,
mounting evidence indicates that the interaction of
the BRCT domains with proteins involved in DNA
damage-induced cell cycle checkpoint control and
DNA repair plays a key role in this function (1-3).
In response to genotoxic insults, such as ionizing
radiation, BRCAL1 is phosphorylated by the ATM
kinase and localizes at DNA damage sites, where
it is thought to participate in the assembly of DNA
repair complexes. BRCA1l is an essential



component of the DNA damage-induced S-phase
and G2/M-phase checkpoints (6), and BRCAI1-
deficient cells exhibit defects in homology-
directed DNA repair, being hypersensitive to
ionizing radiation and agents that crosslink DNA
strands or produce DSBs, such as cisplatin and
mitomycin C (7-10). BRCA1 BRCT binding to
the DNA helicase BACH1 (11) and the
transcriptional co-repressor CtIP (12-14) plays a
central role in the G2/M checkpoint control (15,
16). Recent studies have demonstrated that the
BRCA1 BRCT repeats are phosphoprotein-
binding modules (17-19) and have shown that
phosphorylation of the BACH1 and CtIP proteins
at Ser990 and Ser327, respectively, is essential for
recognition by these domains (16, 18, 19). CtIP
was originally identified as a binding partner of
the transcriptional corepressor CtBP (12), and was
subsequently shown to interact with and mediate
transcriptional repression by the retinoblastoma
(pPRB) tumor suppressor and the pRB-related
protein  pl130 (20). Importantly, CtP is
phosphorylated on Ser327 only in G2-phase and
controls the G2/M ftransition checkpoint through
its transient interaction with the BRCA1 BRCT
repeats, which differs from the more stable
BRCA1-BACHI1 association that persists in the S-
through M-phase and controls the G2
accumulation checkpoint (16, 18, 19).

Recent crystal and solution structures of the
BRCA1 BRCT domains bound to BACHI and
artificial phosphopeptides have offered
mechanistic insights into ligand recognition by
these modules (21-24). The BACHI peptide
inserts in a conserved surface cleft at the junction
of the two BRCT domains, with phospho-Ser990
and Phe993 of BACHI providing the main
interactions with BRCA1 residues. To further
elucidate the specificity and affinity determinants
of BRCT-ligand interactions, we determined the
crystal structure of the BRCA1 BRCT repeats
bound to a CtIP phosphopeptide. As in the
BRCA1-BACH]1 structures (21, 22), the CtIP
phospho-Ser327 and Phe330 anchor the peptide to
the conserved BRCT cleft. However, several
hydrogen bonds and salt bridges that stabilize the
BRCAI1-BACH!1 interaction are missing in the
BRCA1-CtIP complex, providing a structural
explanation for the lower affinity and transient
nature of the BRCA1 association with CtIP as
compared to BACH1.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization—
The human BRCA1 BRCT protein (residues
1646-1859) was expressed in Escherichia coli
BL21(DE3) cells as a glutathione S-transferase
fusion, purified on glutathione Sepharose, released
with thrombin digestion, and further purified on a
Superdex 75 column (Amersham Biosciences).
The BRCT protein (25 mg/ml in phosphate-
buffered saline, pH 7.4, supplemented with 300
mM NaCl) was mixed with the synthetic
phosphopeptide PTRVSpSPVFGAT (pS denoting
phosphoserine) at 1:1.5 molar ratio and was
crystallized by the sitting drop vapor diffusion
method at 20°C with addition of 1.75 M
ammonium sulfate, 0.1 M MES, pH 6.7, 10 mM
cobalt chloride. Crystals were cryoprotected in
mother liquor containing 25% glycerol and were
flash-frozen in liquid nitrogen. Diffraction data
were collected on beamline X12B at the National
Synchrotron Light Source, Brookhaven National
Laboratory, Long Island, New York. The crystals
belong to space group P6,22 with unit cell
dimensionsa=b=113.1A,c¢=1219A, 0 =B =
90°, vy = 120°. The data were reduced and merged
using the programs DENZO and SCALEPACK
(25) (Table 1).

Structure Determination and Refinement—
The BRCT-CtIP structure was determined by
molecular replacement using PHASER (26) and
the BRCA1 BRCT-BACH]1 structure (PDB 1T15)
with the BACHI1 peptide removed, as the search
model. Refinement with CCP4 .(27) and
REFMACS (28) produced initial 2F, — F, and F, —
F, maps with contiguous electron density for the
CtIP peptide. The molecular geometry of the
structure was improved with CNS (29) and by
manual model building using O (30). Water
molecules were found with ARP/WARP (31). The
final model contains 1,786 protein atoms, 48 water
molecules, one sulfate ion and one cobalt ion. The
crystallized BRCT protein includes the vector-
derived residues GS at its N terminus.

Isothermal Titration Calorimetry—Binding
constants of the BRCA1 BRCT domains to the
BACH!]1 and CtIP phosphopeptides were measured
using a VP-ITC microcalorimeter (MicroCal).
Briefly, 0.1323 mM of the BACHI1 peptide
ISRSTpSPTFNKQ and 0.2096 mM of the CtIP
peptide PTRVSpSPVFGAT were titrated against a




0.0188 mM solution of BRCA1 BRCT protein in
phosphate-buffered saline, 300 mM NaCl, at 25°C.

Titration curves were analyzed using the program
ORIGIN 5.0 (OriginLab).

RESULTS AND DISCUSSION

CtIP Phosphopeptide Recognition by the
BRCA1 BRCT Domains—As described previously
(21-24), the BRCA1 region spanning residues
1646-1859 folds into two tandem domains
(BRCT1 and BRCT2), each comprising a central
B-sheet formed by four parallel B-strands (B1 to
f4) and flanked by two a-helices (al and a3) on
one side and a single a-helix (a2) on the other
(Fig. 14). The two BRCT domains pack closely
against each other in a head-to-tail manner burying
a large hydrophobic interface and creating a deep
surface groove. The CtIP peptide binds to this
groove in a two-pronged mode, with phospho-
Ser327 (pSer 0) and Phe330 (Phe +3) forming the
main interactions with BRCT1 and BRCT2,
respectively (Fig. 1, 4 and B), consistent with
biochemical and functional studies on the
importance of these residues for the BRCA1-CtIP
association (16—19). The phosphate group of pSer
0 forms hydrogen bonds with the side chains of
Ser1655 and Lys1702, the amide nitrogen of
. Gly1656, and the amide nitrogen of Lys1702
through a water-mediated interaction (Fig. 1C).
The phenyl ring of Phe +3 is inserted in a
hydrophobic pocket made up of the BRCT2
residues Leul701, Phel704, Argl699, Asnl774,
Met1775, Argl835, and Leul839, whereas the
carbonyl oxygen and amide nitrogen of Phe +3
hydrogen bond with the N° and carbonyl oxygen
of Argl699, respectively (Fig. 1, B and C). To a
lesser degree, the CtIP residues Val -2, Pro +1,
and Gly +4 also contribute to the interaction
though van der Waals contacts and water-mediated
hydrogen bonds (Fig. 1C).

Structural Basis for Disruption of the
BRCAI-CtIP Interaction by 'Cancer-associated
Mutations—A number of missense mutations
within the BRCT repeats abrogate the tumor
suppression activity of BRCA1 and are associated
with a high incidence of cancer but there have
been difficulties in explaining how they exert their
effects. In two such mutations, M1775R and
R1699W, the affected BRCT residues participate
in the formation of the hydrophobic pocket that

receives the Phe +3 phenyl ring of the BACHI
(21, 22, 24) and CtIP phosphopeptides (Fig. 1, B
and C). The M1775R mutation inhibits the
BRCAL1 interaction with BACH1 (11, 17, 21, 22)
and CtIP (13) and leads to defects in the DSB
repair (32) and transactivation functions of
BRCA1 (33). Superposition of the BRCA1-CtIP
and the unbound mutant BRCT(M1775R) crystal
structures (34) shows that the guanido group of the
substituted Argl775 sterically clashes with the
phenyl ring of Phe +3, directly obstructing the
insertion of this anchoring group into the pocket
(Fig. 1D), as described for the effect of M1775R
on the BRCA1-BACH1 interaction (21-24). In
the case of R1699W, it is predicted that the
hydrogen bond between the N° of Argl1699 and the
carbonyl oxygen of Phe +3 will be lost and the
large indole group of Trp1699 will likely occlude
the entrance of the phenyl ring into the pocket.

Comparison of the BRCT-CtIP and BRCT-
BACH!  Complexes—Superposition of the
BRCAI1-CtIP and BRCAI1-BACHI! structures
shows that the BRCT repeats and the backbones of
five residues (pSer 0 to Gly +4) are superimposed
well (root-mean-square deviation of 0.71 A for all
C” atoms), whereas the N- and C-terminal portions
of the peptides are not superimposable (Fig. 24).
The O' atom of the BACH1 Ser —2 hydrogen
bonds to the amide nitrogen of Gly1656, whereas
in the BRCT-CtIP complex the C** atom of the
Val -2 isopropyl group makes hydrophobic
contacts with Leul657 and displaces the peptide
backbone away from the BRCT groove (Fig. 1, 4
and C). Interestingly, the guanido group of the
CtIP Arg —3 folds back and forms two hydrogen
bonds with the carbonyl oxygen of Ser —1, further
stabilizing the peptide orientation and preventing
any additional N-terminal interactions. Notably, a
similar interaction of Arg -3 has not been
observed in any of the BRCA1-BACH1 structures
(21, 22). '

Additional differences in the interaction of
the BRCTs with BACH1 and CtIP are observed at
the C-terminal regions of the phosphopeptides.
Whereas the side chain of BACH1 Asn +4 makes
two water-mediated hydrogen bonds with the
BRCT residues Glu1689 and Arg1699 (22), these
bonds are missing in the BRCA1-CtIP structure
because a glycine occupies the position +4 in CtIP
(Fig. 1C). Likewise, the side chain of BACH1 Lys
+5 makes salt bridges with Glu1863 and Asp1840




(22), while similar interactions are missing in the
BRCA1-CtIP complex due to the presence of Ala
+5 in CtIP. The fewer interactions observed in the
association of the BRCA1 BRCT repeats with
CtIP than those described for BACHI suggest a
weaker association of these domains with the
former phosphopeptide.

The BRCAI BRCT Domains Exhibit a Higher
Affinity for BACHI than CtIP—To determine the
effects of these structural differences in the
strength of the BRCAI1-CtIP and BRCAl-
BACH]1 interactions, we measured the affinities of
these complexes using isothermal titration
calorimetry. The BRCA1 BRCT domains bind to
the BACHI1 phosphopeptide with a dissociation
constant (Ky) of 0.7 uM (Fig. 2B), which is in
good agreement with the reported Ky of 0.9 for a
similar BACHI1 peptide (21). By contrast, the
BRCT repeats bind to the CtIP phosphopeptide
with a K, of 3.7 uM (Fig. 2C). The ~5-fold higher
binding affinity of the BRCA1 BRCTs for
BACH] than CtIP can be attributed mainly to the
hydrogen bonding network involving the BACH1
residues Ser -2, Asn +4, and Lys +5 that is
missing in the BRCAI1-CtIP. complex. These
* findings support the conclusion that residues
surrounding pSer 0 and Phe +3 make significant

contributions to the BRCT-ligand interaction and '

account for the affinity differences of various
binding partners for the BRCT modules. These
differences determine both the dynamic target
selection among competing proteins that have
distinct roles in cell cycle checkpoints and DNA
repair for binding to BRCA1 and the duration of
these interactions. For example, the association of
the BRCA1 BRCT repeats with BACHI1 leads to a
stable complex that accumulates in the G, and M
phases of the cell cycle, whereas the lower affinity
of these domains for CtIP generates a transient
complex during the G, phase that controls the
G,/M transition checkpoint (16).

Structural and Functional Implications—In
addition to BACH1 and CtIP, other potential
binding targets for the BRCA1 BRCT repeats have
been identified in database searches with their
consensus binding motif (19), including BRCA1
itself, the DNA mismatch repair protein MSH3
(35), ‘hTIDI1, the human homolog of the
Drosophila tumor suppressor 1(2)Tid that
modulates apoptosis (36), the CCCTC-binding
factor CTCF that functions as a chromatin

insulator and transcription factor implicated in the
regulation of BRCA! gene expression (37), and the
nuclear receptor co-activator NCoA-3/AIBI1 that is
amplified in breast and ovarian cancer (38) and
regulates the estrogen-mediated survival and
proliferation of breast carcinoma cells (39).

- Structural and biophysical analyses of the BRCA1

BRCT domains bound to their targets, including
CtIP, BACHI1, and the aforementioned proteins,
will elucidate the mechanisms underlying the
dynamic interactions of these versatile modules
with various proteins during cell cycle control,
DNA  repair, chromatin remodeling, and
transcription regulation. Furthermore, these studies
will provide a structural explanation for the
detrimental effects of breast/ovarian cancer-linked
BRCT missense mutations on BRCAT1 function.
Importantly, the atomic structures of the
BRCA1 BRCT domains bound to CtIP, BACHI
and other targets could be exploited for improving
current radiation therapy protocols for cancer.
Because DNA  damage-induced cell cycle
checkpoints confer radioresistance to tumor cells,
it has been suggested that inhibition of the
checkpoint and DNA repair processes could result
in more effective cancer treatments (40). BRCA1 -
controls the G2/M checkpoint through interactions
with BACHI1 and CtIP (16) and induces a large
increase in resistance to agents that generate DSBs
(41), whereas BRCAIl-deficient cells are
hypersensitive to ionizing radiation and DNA
cross-linking agents (9, 10, 32). It is therefore
conceivable that the atomic models of the BRCA1
BRCT domains bound to CtIP, BACH1, and other
targets could provide a structural framework for
the design of small-molecule inhibitors of these
interactions that would enhance the sensitivity of
tumor cells to radiation therapy and chemotherapy.
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FIGURE LEGENDS

FIG. 1. CtIP recognition by BRCA1 BRCT domains. 4, ribbons representation of the BRCA1 BRCTs
bound to the CtIP peptide (cyan stick model). The a-helices and B-strands are colored yellow and green,
respectively. The BRCT2 secondary structure elements are labeled with primes. The BRCT linker helix
aL is colored orange. The critical residues pSer 0 and Phe +3 are denoted. The figure was made using
PyMOL (www.pymol.org) and POV-Ray (www.povray.org). B, a 2F, — F, electron density map at the
Phe +3 binding site calculated at 2.5 A resolution and contoured at 1.0 o. C, two-dimensional
representation of the interactions between BRCA1 (orange) and CtIP (purple) residues. Water molecules
(W) are shown as cyan spheres, hydrogen bonds as dashed lines, and hydrophobic interactions as arcs
with radial spokes. The figure was made using LIGPLOT (42). D, superposition of the BRCT-CtIP and
BRCT(M1775R) mutant (PDB IN5O) crystal structures shows the steric hinderance between the
Argl775 (pink) and Phe +3 (cyan) side chains. The figure was made with GRASP (43).

FIG. 2. Comparison of the BRCA1-BACH1 and BRCA1-CtIP interactions. 4, superposition of the
crystal structures of the BRCA1 BRCTs (beige) bound to the BACH]1 peptide (blue stick model) (PDB
. 1T29) and the BRCTs (green) bound to CtIP (orange stick model). B and C, representative isothermal
titration calorimetry results obtained for the BRCA1 BRCT interaction with the BACH1 and CtIP
phosphopeptides, respectively.

TABLE 1

Statistics of structure determination and refinement

Resolution range (A) 20-2.5
Observed reflections 179,377
Unique reflections 16,294
Completeness (%0)* 99.1 (99.4)
Reym (%)° 13.3(37.2)
Overall <I/o(I)> 17.52.7)
Reryst (%) 234
Riee (%)° 26.9
Ramachandran plot (%)
Most favored region 79.0
Allowed region 18.5
Generously allowed 2.6
Bond lengths® (A) 0.016
Bond angles® (degrees) 1.78

* Values in parentheses are for the highest resolution shell (2.59 —2.50 A).
b Rym = =|q - <I>)| /2(1), where I is the observed integrated intensity, <I> is the average integrated
intensity obtained from multiple measurements, and the summation is over all observed reflections.

¢ Reryst = H Fopsl — kl Fogiel |/=| F.l, where Fops and F,. are the observed and calculated structure
factors, respectively.

d R is calculated as Ruys using 6.25% of the reflections chosen randomly and omitted from the
refinement calculations.

¢ Bond lengths and angles are root-mean-square deviations from ideal values.
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